Purpose: We examined total, light, and moderate-to-vigorous physical activity (MVPA) as predictors of mortality in a nationally representative sample of older adults. Then, we explored the theoretical consequences of replacing sedentary time with the same duration of light activity or MVPA. Methods: Using accelerometer measured activity, the associations between total, light (100 to 2019 counts per minute), and moderate-to-vigorous (>2019 counts per minute) activity counts and mortality were examined in adults aged 50 to 79 in the National Health and Nutrition Examination Survey, 2003Survey, -2006, with mortality follow-up through December 2011. Cox proportional hazards models were fitted to estimate mortality risks. An 
INTRODUCTION
Physical activity, an important behavioral predictor of health, morbidity, and mortality (12, 19) , is often categorized by its intensity. Moderate (3.0-6.0 metabolic equivalents (METs)) to vigorous (>6 METs) physical activity (MVPA) comprises activities such as brisk walking or running, that generally require significant movement and increased energy expenditure; sedentary behavior refers to activities such as sitting that involve minimal movement or energy expenditure and fall in the range of 1.0 to 1.5 METs; and light activity refers to activity in between sedentary and MVPA, such as standing, walking at slow to usual pace, and routine housework (1) .
Objective measurement of physical activity via accelerometry provides an advantage over self-reported physical activity because self-reports are known to overestimate duration and intensity of physical activity (29, 35) . Accelerometers also provide data on intensity every minute or less, potentially allowing estimation of the duration and intensity of activity with greater precision than self-reports (28). Sedentary and light activity are particularly difficult to measure using self-reports, and are often not included in studies based on self-report (34). Cutpoints for MVPA, light activity, and sedentary behavior have been proposed for accelerometry corresponding to equivalent MET intensity values (35).
Greater MVPA is protective against morbidity and mortality (5, 9, 12). One study using accelerometry suggests that fewer than 10% of adults get the recommended 30 minutes per day of MVPA on at least 5 of 7 days (35) and estimates of adherence based on self-report are often between 30 and 60%. This proportion declines with age; for example, Troiano et al. found that only 2.4% of people over age 60 meet the recommendations (35). Regardless of whether adherence estimates from accelerometry or self report are correct, many adults fail to meet
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recommendations for MVPA, and MVPA may be difficult for some adults to engage in (e.g. disability or multiple co-morbidities). Thus recent studies have begun to explore the role of light intensity activity and sedentary time in relation to health and mortality, especially in older adults. Studies have shown that greater sedentary time is predictive of morbidity and mortality, regardless of the amount of time spent in MVPA (4, 11) . There is growing interest in whether light activity, which may be more attainable than MVPA for certain populations, might also be protective against the risk of mortality. Light activity accounts for a majority of total daily activity for the average person (8, 14); it is therefore important to understand its influence on mortality risks. Several studies have found an association between greater light-intensity activity and reduced mortality when using self-reported physical activity data (6, 16, 40 ) but only a handful of studies have examined relationships with objectively measured physical activity.
The aims of this paper are two-fold. First, we examined accelerometer-measured total, light, and moderate-to-vigorous physical activity as predictors of mortality in a nationally representative sample of older adults. We hypothesized that greater total, light, and moderate-tovigorous physical activity would each be associated with reduced mortality risk. Second, we used an isotemporal substitution model (17) to explore the theoretical consequences of replacing sedentary time with the same duration of light activity or with MVPA, and, conversely, replacing MVPA with the same duration of light activity. We hypothesized that replacement of sedentary time with light activity or MVPA would reduce mortality risk, while replacing MVPA with light activity would increase mortality risk.

METHODS
Study population
Data are from the 2003-2004 and 2005-2006 waves of the National Health and Nutrition
Examination Survey (NHANES), a stratified, multistage probability sample representative of the civilian non-institutionalized U.S. population, described in detail elsewhere (21). These data are linked to death records from the National Death Index through December 31, 2011 (22), which provide vital status. If deceased, length of time (in months) between the NHANES examination and the subject's death is provided. There were 3,653 subjects aged 50 and older at baseline examination who provided sufficient accelerometry data, defined as at least one day of at least 10 hours of wear time to be consistent with prior evidence (11, 36, 37). The threshold of 10 hours is appropriate because a simulation study of NHANES data found that the proportion of time subjects spent in activities of different intensities was the same whether a valid day was defined as 10 hours or 14 hours of wear time (7). There were 6 subjects with unknown vital status and 1 with unknown survival time, and an additional 33 subjects were missing data on measured body mass index (BMI); these subjects were excluded. A further 10 subjects who died of accidental causes and 574 subjects aged 80 and above were excluded for analytical purposes as outlined below in the Statistical analysis section. The final analytic sample contained 3,029 observations of persons aged 50 to 79 at baseline.
Measures
Physical activity was measured with the ActiGraph AM-7164 accelerometer (ActiGraph, LLC, Fort Walton Beach, Florida), using methods described in detail elsewhere (11, 20, 35) .
Participants were instructed to wear the device on a belt around the waist for seven consecutive days, except when sleeping or bathing. The accelerometers measure movement and its intensity in activity counts per minute, with higher count values corresponding to more-intense movement.
Non-wear time was defined as intervals of at least 60 consecutive minutes of zero counts, with allowance for up to two minutes of counts between 1 and 100 (11, 25). Total physical activity volume was measured a priori in total activity counts per day by sex-specific tertiles (39).
Accelerometer data were also classified into physical activity intensity levels using previously established cut-points based on METs of activity (11, 35). Sedentary behavior was defined as counts per minute below 100; light activity was defined as counts per minute from 100 to 2019; and MVPA was defined as counts per minute of 2020 or higher. Total activity counts comprised the sum of sedentary, light, and MVPA counts. Light activity and MVPA volume were measured in counts per day, by sex-specific tertiles, in parallel to the measure of total activity volume.
In the isotemporal substitution model, minutes per day in each physical activity intensity level, rather than counts per day, were used. Minutes per day were modeled as continuous variables, with each value divided by 10 so that regression coefficients could represent the partial effects of 10 additional minutes in a given activity intensity.
Selection of covariates was based on known confounders of the activity-mortality relationship, from a prior study in NHANES (11). Covariates included age, sex, race/ethnicity (non-Hispanic black, Hispanic, White and other), education (less than high school, high school, more than high school), smoking status (never, former, current), BMI (kg/m 2 ), mobility limitation (yes, no), defined as any difficulty walking a quarter mile or walking up ten steps, and diagnosis of diabetes (yes, no), coronary heart disease (yes, no), congestive heart failure (yes, no), stroke (yes, no), and cancer (yes, no). The time scale in survival model was years since A C C E P T E D baseline measurement of physical activity. All covariates were self-reported except BMI, where height and weight were measured by NHANES technicians.
Statistical analysis
Descriptive statistics were calculated for the sample as a whole and by tertiles of total activity volume. Linear trends in covariates were tested using an ordinal variable linear regression across tertiles of total activity.
Log-rank tests assessed the unadjusted differences in survival across tertiles of total activity, light activity, and MVPA counts. Cox proportional-hazards models were used to estimate the hazard ratios (HR) and 95% confidence intervals (CI) for total activity, light activity, and MVPA counts. Minimally adjusted models included (X): age, sex, race/ethnicity, and education level, while fully adjusted models added: BMI, smoking, and the presence of chronic diseases and mobility limitations. In a sensitivity analysis, subjects with at least one chronic disease or mobility limitation at baseline were excluded. Formally, the model used was:
In Equation 1, h 0 (t) is the baseline hazard function; totaltime is total wear time (minutes) per day; T2 and T3, are indicators that the person's total activity counts were in the second or third tertile, respectively, with those in the first tertile serving as the reference group; and X is defined above.
In models of light activity, the meaning of all the parameters of Equation 1 remain the same, except that T2 and T3 indicate that the person's light activity counts were in the second or third tertile. Models of light activity counts also adjusted for minutes of MVPA. In models of MVPA, T2 and T3 indicate that the person's MVPA counts were in the second or third tertile, with all other aspects of the model the same as the model of total activity counts.
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The proportional hazards assumption underlying Equation 1 was assessed graphically using log-log plots and observed (Kaplan-Meier) versus predicted (under proportional hazards) plots. In initial models, the proportional hazards assumption with respect to the indicators for activity tertiles (T2 and T3) was violated, as shown by crossover of the log survival time curves of T2 and T3 in the first year of follow-up, suggesting that early deaths were the source of the violation of the proportional hazards assumption. Because the hazard of death over age 80 has a different functional form than that below age 80 (33), subjects over age 80 at baseline were excluded. Subjects whose cause of death was coded as accidental (ICD-10 groups V01 to X59 and Y85 to Y86) were also excluded because the median time to death among these subjects (2.5 years) was considerably shorter than the median time to death for subjects who died from all other causes (3.75 years). After exclusion of these individuals, the proportional hazards assumption was met.
The theoretical result of replacing a defined duration of one physical activity intensity for the same duration of another physical activity intensity was estimated with an isotemporal substitution Cox proportional-hazards model (17) . The statistical model was Two-year examination weights were divided in half because two waves of NHANES were pooled, and strata and primary sampling units were used to account for complex survey characteristics, as recommended by NHANES (21). All tests were two-sided with significance set at alpha=0.05.
Conventional model fit statistics such as Akaike's Information Criterion (AIC) and the Bayesian Information Criterion (BIC) do not pertain to models that use survey design-based estimation (13). Approximate comparisons of model fit were developed as follows (13): First, sampling weights were rescaled to sum to the sample size, rather than the population size. Then all models were re-run with the rescaled weights and with additional covariates representing strata and primary sampling units to obtain maximum-likelihood (rather than design-based) parameter and variance estimates. AIC, BIC, and likelihood were obtained from these maximumlikelihood models and assigned to their corresponding design-based models.
A C C E P T E D INFORMED CONSENT STATEMENT
This study involved analysis of publicly available secondary data only. NHANES operates under the approval of the National Center for Health Statistics Research Ethics Review Board, Protocols #98-12, #2005-06, and #2011-17.
RESULTS
Descriptive statistics of the analytic sample, weighted to be representative of the U.S.
population ages 50-79 in years 2003-2006 and stratified by tertiles of total activity volume (counts) accumulated during an average day, are shown in Table 1 . The prevalence of diabetes was 14.6% and the prevalence of mobility limitation was 16.0%. Those with the lowest daily volume of total activity were significantly older and had higher prevalence of chronic disease than those with more total activity counts (P-for trends <0.001). The majority of total activity volume in all activity tertiles was accumulated through light activity. Those in higher tertiles of total activity accumulated more MVPA minutes per day (P-for trends <0.001); however, in all tertiles, less than 3% of wear-time consisted of MVPA. A comparison of the analytic sample to the full age-matched NHANES sample (see Table, The most common causes of death in the NHANES sample were malignant neoplasms (116 deaths), a residual category (107 deaths), and diseases of the heart (85 deaths).
In unadjusted models, those in higher tertiles of total activity volume and light activity volume had a reduced mortality risk compared to those in lower tertiles (log-rank test P<0.001). Table 2 (top panel) shows the association between total activity counts (in tertiles) and mortality in minimally and fully adjusted models. Those in tertiles 2 and 3 had significantly lower mortality rates than those in the tertile with the least total activity. The covariate-adjusted differences in mortality between those in the tertile with the least activity and those in the nextleast-active tertile were quite large: those in Tertile 2 had about a third of the hazard of death of those in Tertile 1. The same pattern of results held in the minimally adjusted models (Model A) as well as in the models that excluded those with mobility limitations or chronic diseases at baseline (Model C). As reflected in the Kaplan-Meier curves shown in Figure 1 , the largest survival gain is associated with the difference between the least-active tertile and the second tertile; survival differences between Tertile 2 and Tertile 3 were smaller in magnitude and not statistically significant.
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The second panel of Table 2 shows the relation between light activity volume and mortality, holding constant the full set of covariates, including minutes of MVPA. Again, those in Tertiles 2 and 3 had lower mortality hazards than those in the lowest-activity tertile. Those in Tertile 3 did not consistently survive longer than those in Tertile 2.
The bottom panel of Table 2 shows the relation between MVPA and mortality. Again, those in higher-activity tertiles had large survival advantages over those with the least MVPA. A comparison of the top and middle panels to the bottom panel shows that the magnitude of the survival advantage among those in the second and third tertiles of MVPA is similar to those in the second and third tertiles of light activity. An examination of variance inflation factors for the physical activity variables indicates that multicollinearity did not seriously affect the results shown in Table 2 (see Table, Maximum-likelihood analogs to the survey design-based models shown in Table 2 were used to assess model fit (see Table, The lower panel of Table 3 shows that replacing 10 daily minutes of MVPA with 10 minutes of light activity was associated with a 17% increase in mortality risk after one year of Table 1 ). The high degree of multicollinearity is reflected in the wide confidence intervals in the lower panel of Table 3 .
A comparison of Model A to Model B within each panel in Table 3 shows that the association between light activity and mortality changed minimally with the inclusion of healthrelated covariates such as BMI and the presence of comorbid conditions. The results were also similar when those with mobility limitations or chronic diseases at baseline were excluded Three previous studies used NHANES accelerometry data to assess the relation between sedentary time and mortality (2, 11, 27) , and all found that greater sedentary time was associated with higher mortality risk, independently of MVPA. However, because of a short follow-up period (through 2006 only), the results of these studies could be due to reverse causality, whereby individuals who were already sick and dying at the time of the NHANES observation were more likely than others to have long durations of sedentary time. Our study contributes to the literature by showing via a theoretical model that the protective effects of replacing sedentary time with higher-intensity activity endured almost nine years after physical activity was measured. The long follow-up period in our study, along with obtaining similar results when subjects with mobility limitations or chronic diseases at baseline were excluded, reduces the probability that reverse causality explains our results and demonstrates the long-term predictive power of physical activity for mortality. The other contribution of this study is showing that greater total activity volume, regardless of time spent in any particular intensity, is a strong predictor of mortality over a long follow-up period.
Our results show that as a substitute for sedentary time, light activity would be associated with a smaller mortality decline than MVPA. However, this result was not statistically significant in all models (see top panel of One recent substitution analysis on a longitudinal cohort of Australian adults aged 45 and older reported benefits of replacing sedentary time with walking and MVPA, though time spent in different activities was self-reported (31). Our results are also consistent with a large (n>200,000) prospective cohort study in the United States finding that self-reported sedentary time is positively associated with mortality, independent of MVPA (15). A systematic review of studies based on self-reported physical activity found that the largest survival benefit was associated with moving from no activity/sedentary to low levels of activity (40); our results buttress this claim by showing that the survival differences between those in Tertile 1 and those in higher-activity tertiles were larger than the survival differences between Tertiles 2 and 3.
Consistent with our findings, the results of past studies suggest that physical activity did not have to be vigorous to be beneficial for older adults (40).
Several limitations must be noted. Most importantly, as an observational study, it is subject to unmeasured confounding. It is possible that, for unmeasured reasons, the same individuals who tend to engage in low levels of light activity are at high risk of mortality.
However, the fact that HR estimates did not change meaningfully upon adjustment for healthrelated covariates in the regression model, including the presence of a number of chronic diseases (Tables 2 and 3 ), reduces the probability that unmeasured confounding explains the result. suggests that appropriate cut-points for moderate and vigorous activity may depend on age and cardiorespiratory fitness (18, 24, 32, 38) . By limiting the sample to older adults, our study limits the sensitivity of results to specific cut-points (28). Furthermore, the similarity of our study's results using total activity, which does not depend on cut-points in accelerometer counts, to the A C C E P T E D results using light activity ( Figure 1 and Table 2 ) suggests that the study results are not sensitive to the choice of cut-points to classify activity intensity.
Strengths of the study include the nationally representative sample, objectively measured activity data, the prospective cohort design, and the ability to follow the cohort for almost nine years for mortality and measure time to death in months. Additionally, we explicitly model the changes in mortality associated with engaging in more light activity at the "expense" of either Subjects aged 50 to 79 (last birthday) at baseline; mortality follow-up through 2011 (n=3,029).
Models A adjust for baseline age, sex, race/ethnicity, education, minutes of device wear-time; Models B add covariates for body mass index (kg/m 2 ), smoking, and the presence of diabetes, coronary heart disease, congestive heart failure, stroke, cancer, and mobility limitation. Model (C) excludes those with prevalent chronic illnesses (diabetes, coronary heart disease, congestive heart failure, stroke, and cancer) or mobility limitations at baseline (n=1,424). Models incorporate sampling weights and complex survey characteristics of NHANES.
N deaths and Person-Years columns are unadjusted and unweighted.
P-Values for differences are computed using a t-test of the linear combination with the null hypothesis that this quantity is zero. Subjects aged 50 to 79 (last birthday) at baseline; mortality follow-up through 2011 (n=3,029).
Models (A) adjust for baseline age, sex, race/ethnicity, education, and minutes of device weartime. Models (B) additionally adjust for body mass index (kg/m 2 ), smoking, and the presence of diabetes, coronary heart disease, congestive heart failure, stroke, cancer, and mobility limitation. Model (C) excludes those with prevalent chronic illnesses (diabetes, coronary heart disease, congestive heart failure, stroke, and cancer) or mobility limitations at baseline (n=1,424). Models incorporate sampling weights and complex survey characteristics of NHANES.
P-Values for differences are computed using a t-test of the linear combination or with the null hypothesis that this quantity is zero. Formula used was VIF = 1/(1-R 2 ), where R 2 is the R 2 obtained from a linear regression of the given variable onto the rest of the covariates using the svy: reg command in Stata. Covariates used were those in Model B (the full set of covariates), as described in the text.
Supplemental Digital Content 4: Model fit statistics
Activity counts by tertile (Corresponds to To obtain these statistics, sampling weights were rescaled to sum to the sample size (n=3,029 for Models A and B, n=1,605 for Model C), rather than the population size. Then models were fit using maximum likelihood, rather than survey designbased estimation. Strata and primary sampling units were entered as covariates, rather than as components of a design-based variance estimator.
Other covariates were the same as in the results reported in Tables 2 and 3 .
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